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Ultra-low switching energy and scaling in electric-field-controlled nanoscale magnetic tunnel junctions with high resistance-area product Magnetic tunnel junctions (MTJs) have emerged as promising candidates for future high performance memory in very large scale integrated circuits due to their nonvolatility, possibility of high density integration, and compatibility with conventional semiconductor fabrication processes. 1, 2 In MTJ-based magnetoresistive random access memory (MRAM), data bits are stored in the magnetization configuration of two ferromagnetic layers separated by a tunnel barrier, ensuring an inherent hysteresis that eliminates the need for standby power. Current-induced magnetic fields or spin-transfer torque (STT) are conventionally used for the writing process, 3, 4 enabling switching energy in STTcontrolled nanoscale CoFeB/MgO perpendicular MTJ (p-MTJ) devices down to the sub-pJ/bit regime. 5, 6 However, these write energy values are still a few orders of magnitude larger than those for same-size transistors ($fJ) that are used in volatile semiconductor memories in current integrated circuits. This limits both density and usefulness for applications where frequent re-writing of the memory bits takes place. 7, 8 Electric field control of magnetism has been proposed as a new writing mechanism for MRAM, enabling dramatic reduction of the writing energy consumption, [9] [10] [11] [12] [13] [14] [15] while employing conventional material combinations of MTJs with high tunneling magnetoresistance (TMR) ratios. Voltage control of the perpendicular magnetic anisotropy (VCMA) was demonstrated, [16] [17] [18] [19] [20] followed by bistable magnetization switching in MTJs by the application of unipolar voltage pulse. [9] [10] [11] [12] In precessional VCMA-based writing, the change of the direction of the magnetic easy axis during the application of the voltage pulse induces a precessional motion of magnetization between the two magnetically stable states of the MTJ, enabling bidirectional switching by timing of the pulse duration. As no current is needed to operate the device except during the read operation, the power consumption is mostly reduced to the charging/discharging energy through the MTJ, which results in a very low switching energy compared with that of STT switching whose main contribution is Ohmic dissipation related. Recently, switching energies of 40-80 fJ/bit were achieved in electric-field-controlled magnetic tunnel junctions with perpendicular magnetic anisotropy. [21] [22] [23] [24] Owing to the relatively low resistance of the MTJs, however, the Ohmic dissipation when voltage pulses are applied is still the dominant loss mechanism in these studies. Moreover, the scaling behavior of write performance remains to be investigated in VCMA-based p-MTJs.
In this letter, we demonstrate electric-field-induced switching with energies down to 6 fJ/bit for switching times of 0.5 ns in nanoscale magnetic tunnel junctions, a dynamic (switching) power consumption comparable with that of same-size CMOS transistors, and significantly lower than other nonvolatile memory devices. This 1 order of magnitude improvement is made possible by a high resistance-area product that ensures negligible STT contributions, hence with very low Ohmic losses. VCMA-induced switching is obtained in circular devices down to 50 nm in junction diameter. The scaling of the switching voltage, time, and energy with junction diameter is also investigated.
A schematic of the MTJ devices used in this study is shown in Figure 1 V C 2016 AIP Publishing LLC 108, 012403-1 V DC , in which H is applied normal to the device surface. The low (R P ) and high resistance (R AP ) states correspond to parallel (P) and antiparallel (AP) magnetization configuration, respectively (the magnetization direction of the reference layer is fixed along the positive field direction). Negative (positive) voltages are observed to increase (decrease) the coercivity of the free layer along the perpendicular axis. The polarity dependence indicates a depletion (accumulation) of the electron density at the MgO/CoFeB interface, resulting in an odd dependence of the perpendicular magnetic anisotropy on voltage, in agreement with most previous VCMA studies in similar material systems. [9] [10] [11] [12] [13] [14] 25, 26 The mean resistance for both parallel and antiparallel magnetization orientations as a function of the junction diameter is shown in Figure 2 (a). The resistance in the parallel configuration ranges from 90 to 330 kX, which is 5-20 times larger than that in the previous experiments on voltageinduced magnetization switching, 9-12,21-24 and 2 orders of magnitude larger than in conventional STT experiments. 5, 6 The resistance decreases quadratically as the junction diameter increases, with a resistance-area product (RA) of 650 X lm 2 in the parallel magnetization configuration. The tunnel magnetoresistance ratio, defined as (R AP -R P )/R P , shows a value of around 43% over the entire subset of MTJs measured, independently of the junction diameter (see Figure 2 (b)). Hereafter, we present and compare results for a representative subset of this array (in red) that illustrate the key characteristics of the devices. The thermal stability (D ¼ E b /k B T, where E b is the energy barrier that separates the two magnetization states, k B is the Boltzmann constant, and T is the temperature) of these devices is $30 in the absence of external field, as determined by measuring the mean time for thermally activated switching (dwell time) under different applied magnetic fields. We note that the thermal stability was found to be independent of the junction diameter, in agreement with recent experiments that evidence the role of nucleation in the recording layer area for CoFeB/ MgO junctions above 40 nm in diameter. [27] [28] [29] Electric-field-induced switching measurements are performed using voltage pulses of various lengths (t pulse ) and amplitudes (V pulse ) applied to the devices, using a probe station in a one-port ground-signal-ground configuration. The actual pulse voltage applied on the MTJs (which is quoted hereafter in discussions of the switching voltage) is V ¼ (1 þ C) V pulse % 2 V pulse with the reflection coefficient C % 1 due to the impedance mismatch between the MTJs and the 50 X transmission line. A tilted external magnetic field H is applied to the devices to compensate the offset (stray) field from the fixed layers (reference þ pinning layers) while maintaining a constant in-plane field (H in ) of 60 mT that ensures a single in-plane precessional axis. The magnetization switching probability is determined from measuring the resistance of the devices 500-times after identical voltage pulse application. Figures 3(a) and 3(b) show the obtained switching probability from P to AP (P 10 ), AP to P (P 01 ), and successive back and forth (P 01 P 10 ) transition as a function of pulse duration, in a 50 nm MTJ. Clear oscillatory behavior is observed for V larger than V c ¼ 1.4 V, which confirms the voltage-induced precessional motion of magnetization. For voltages V < V c , the energy barrier is not sufficiently lowered by the voltage application and switching is achieved only via thermal activation. 24 The maximum current passing through the sample when voltage pulses are applied is 6 lA (for V ¼ 2.1 V), which is significantly lower than in most recent voltage-induced switching experiments, [21] [22] [23] [24] and corresponds to a current density of 3.1 Â 10 5 A/cm 2 . This low leakage current ensures a negligible STT contribution under short voltage pulse application. The amplitude and halfperiod of P 01 P 10 as a function of the pulse amplitude are shown in Figure 3(c) . In the precessional switching regime, the switching probability amplitude increases monotonically with V, while the period of the oscillations decreases. This can be explained by considering the dependence of the magnetization trajectory on the voltage-dependent effective anisotropy field H k (V). In a lossless macrospin description, the trajectory of the magnetization during the application of voltage pulse is given by the Landau-Lifshitz-Gilbert equation
where c is the gyromagnetic ratio, l 0 is the vacuum permeability, H eff is the effective magnetic field (sum of anisotropy field H k (V) and external field H), and h is the thermal fluctuation field. In our experiments, the external field applied to the free layer is purely in-plane (H ¼ H in u x ), since the outof-plane component compensates the stray field from the fixed layers. For voltages V > V c , the anisotropy field H k (V) becomes negative and its absolute value increases with increasing positive voltage. As a result, the magnetization precession is faster at larger voltages, and the switching errors induced by thermal fluctuations are reduced, as shown in Figure 3 (c). Note that for large applied voltage (V ) V c ), an increase of the switching errors is expected due to the reduction of the magnitude of the initial precessional angle. This regime is never reached in our experiments since V < 2V c . The maximum switching probabilities achieved in Figure 3 thus have not reached the limits fixed by thermal agitation and is restricted by the maximum voltage V ¼ 2.1 V that can be applied before the dielectric breakdown of the MgO barrier. Note that the precision of the switching probabilities is limited to $0.05 in this work, due to read disturbances induced by the nonoptimized measurement setup. Switching with 90% probabilities (P 01 P 10 > 0.81) is obtained at V sw ¼ 1.96 V and t sw ¼ 0.52 ns, corresponding to a dissipation energy E sw ¼ V sw 2 /R P *t sw ¼ 6 fJ/bit. This value can be compared with the charging/discharging energy through the MTJ capacitance Figures 3(a) and 3(c) , corresponding to the field that compensates the stray field from the fixed layers (l 0 H s ¼ À144 mT) while ensuring a constant in-plane field of 60 mT. (b) Switching probabilities from parallel to antiparallel (P 10 ), antiparallel to parallel (P 01 ), and their product (P 01 P 10 ) for 1.1, 1.3, 1.5, 1.7, 1.9, and 2.1 V voltage pulses, as a function of pulse duration t pulse . The oscillatory dependence of the switching probability on the voltage pulse duration for V > V c ¼ 1.4 V is a signature of the precessional write process. (c) Measured amplitude and half-period of P 01 P 10 as a function of the pulse amplitude. The areas in grey and in white correspond to the thermally activated and precessional switching regimes, respectively. Back and forth switching with probabilities larger than 0.81 is achieved with pulses of V sw ¼ 1.96 V and t sw ¼ 0.52 ns, corresponding to a dissipation energy E sw ¼ V sw 2 /R P *t sw ¼ 6 fJ/bit. $ 9.7, and t d is the thickness of MgO). The total energy consumption per write is 1 order of magnitude lower than in most recent VCMA-induced switching experiments [21] [22] [23] [24] and significantly lower than that of STT-controlled devices, 5, 6 bringing MTJs closer to the regime where the Ohmic dissipation is not the dominant loss mechanism. Figure 4 shows the dependence of the switching voltage, time, and energy on the junction diameter. The switching voltage is found to be constant at 1.9 V ¼ 1.35V c , independently of the junction diameter. This is consistent with a macrospin model of purely voltage-induced switching that we described in Ref. 30 . The effective perpendicular anisotropy field is 
As a result, the critical voltage V c , defined as the voltage required to reduce the energy barrier between the perpendicular states to zero (i.e., E b ðV c Þ ¼ 0), is independent of V Ã . It is worth noting that this conclusion is valid both in the single-domain and nucleation reversal regimes that appears for junction diameter above the nucleation size. Assuming a linear dependence of the perpendicular anisotropy field on voltage, [16] [17] [18] [19] [20] one can write the interfacial anisotropy as
Þ(where K i is the interfacial anisotropy energy and n is the linear VCMA magnetoelectric coefficient), and express the size-independent critical voltage
The dashed-dotted line in Figure 4 . These values are in good agreement with the previous reports for MgO/CoFeB/Ta-based MTJ. 9, 11, 12, 18, 24 As shown in Figure   4 (b), the measured switching time is insensitive to the junction diameter. This result can be explained by considering the invariance of Eq. (1) at constant applied voltage V sw , resulting in the invariance of the magnetization precession frequency. The dashed-dotted line in Figure 4 (b) corresponds to half the inverse of the Larmor frequency 2p cl 0 H eff . The switching energy increases quadratically with the junction diameter (see Figure  4(c) ). As the device area increases, the current passing through the device increases as well, inducing larger Ohmic dissipation. The dashed-dotted line E sw ¼ V sw 2 RA t sw pd 2 4 trends well with the experimental data, which confirms that the slope is determined by the resistance-area product. These results suggest that sub-fJ switching energy can be obtained by scaling down the device size to 20 nm. Thermal stability, however, is known to decrease with the junction diameter below the nucleation size ($40 nm in CoFeB thin film). [27] [28] [29] Hence, it is expected that sub-fJ switching energy while maintaining thermal stability compatible with memory implementation requires a larger VCMA effect. 24, 30 Furthermore, an enhancement of the VCMA is also needed to reduce the switching voltage (see Eq. (3)). This enhancement calls for further optimization of the interface between CoFeB-MgO as well as underlayer materials.
In conclusion, the scaling of switching voltage, time, and energy with junction diameter was investigated in electric-field-controlled nanoscale magnetic tunnel junctions with high resistance-area product. We found that the switching voltage and time are not sensitive to the junction diameter, a result consistent with a macrospin model of pure voltage-induced switching (i.e., negligible spin-transfer torque contributions). Ultra-low switching energies down to 6 fJ/bit for switching times of 0.5 ns are achieved for devices of 50 nm in junction diameter, a result made possible by the reduced Ohmic dissipation. This ultralow dynamic switching energy is sufficient to envision integration with same-size CMOS transistors in compact memory and nonvolatile integrated circuits.
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